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(57) ABSTRACT

The chemical composition of a stainless steel in accordance
with the present invention consists of C: not more than 0.05%,
Si: not more than 0.5%, Mn: 0.01 to 0.5%, P: not more than
0.04%, S: not more than 0.01%, Cr: more than 16.0 and not
more than 18.0%, Ni: more than 4.0 and not more than 5.6%,
Mo: 1.6 t0 4.0%, Cu: 1.5 to 3.0%, Al: 0.001 to 0.10%, and N:
not more than 0.050%, the balance being Fe and impurities,
and satisfies Formulas (1) and (2). Also, the micro-structure
thereof contains a martensitic phase and a ferritic phase hav-
ing a volume ratio of 10 to 40%, and the ferritic phase distri-
bution ratio is higher than 85%.

Cr+Cu+Ni+Mo=25.5 (€8]

—-8=30(C+N)+0.5Mn+Ni+Cw2+8.2-1.1(Cr+Mo)=-4 2)

8 Claims, 4 Drawing Sheets
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1
STAINLESS STEEL FOR OIL WELL,
STAINLESS STEEL PIPE FOR OIL WELL,
AND METHOD OF MANUFACTURING
STAINLESS STEEL FOR OIL WELL

TECHNICAL FIELD

The present invention relates to a stainless steel for oil well
and a stainless steel pipe for oil well. More particularly, the
present invention relates to a stainless steel for oil well and a
stainless steel pipe for oil well, which are used in a high-
temperature oil well environment and gas well environment
(hereinafter, referred to as “a high-temperature environ-
ment”).

BACKGROUND ART

Recently, the development of oil wells and gas wells in
deep layer has been advanced. (hereinafter, an oil well and a
gas well are collectively referred simply to as “an oil well”.
Also herein, “a stainless steel for oil well” includes a stainless
steel for oil well and a stainless steel for gas well, and “a
stainless steel pipe for oil well” includes a stainless steel pipe
for oil well and a stainless steel pipe for gas well.) A deep oil
well has a high-temperature environment. “A high-tempera-
ture environment” contains carbon dioxide gas or carbon
dioxide gas and hydrogen sulfide gas, which are corrosive
gases. The term “a high temperature” as used herein repre-
sents a temperature not lower than 150 degrees C. The oil well
pipe used in a high-temperature environment of deep oil well
is required to meet the three requirements as below.

(1) High strength. Specifically, the 0.2% offset yield stress
is 758 MPa or higher (110ksi class or higher). For the deep oil
well, since the well has a large well depth, the length and
weight of steel pipe used increase. Therefore, a high strength
is required.

(2) Excellent corrosion resistance. Specifically, the corro-
sion rate in a high-temperature environment is lower than 0.1
g/(m* hr). Further, the oil well pipe is less liable to crack even
when the pipe is stressed. That is, the oil well pipe has excel-
lent stress corrosion cracking resistance. Hereinafter, “stress
corrosion cracking” is also abbreviated as SCC. When refer-
ence is made to “excellent corrosion resistance in high-tem-
perature environment” herein, it means that the corrosion rate
is low, and the SCC resistance is excellent.

(3) Excellent sulfide stress corrosion cracking resistance at
normal temperature. In the case where the stainless steel pipe
for oil well is used for a production well, a fluid (oil or gas)
produced from the oil well in high-temperature environment
flows in the stainless steel pipe. When the production of fluid
from the oil well stops for some reason, the temperature of the
fluid in the stainless steel pipe near the earth’s surface
decreases to the normal temperature. At this time, sulfide
stress corrosion cracking (hereinafter, also abbreviated as
SSC) may occur in the stainless steel pipe that is in contact
with the normal-temperature fluid. Therefore, the stainless
steel pipe for oil well is required to have not only SCC
resistance at high temperatures but also SSC resistance at
normal temperature.

JP2005-336595A (hereinafter, referred to as Patent Docu-
ment 1), JP2006-16637A (hereinafter, referred to as Patent
Document 2), and JP2007-332442A (hereinafter, referred to
as Patent Document 3) have proposed stainless steels for the
use in high-temperature environments. In improving the cor-
rosion resistance at high-temperature environments, chro-
mium (Cr) is effective. Therefore, the stainless steels dis-
closed in Patent Documents 1 to 3 contain much Cr.

10

15

20

25

30

40

45

55

60

65

2

The stainless steel pipe disclosed in Patent Document 1
contains 15.5 to 18% of Cr, this Cr content being higher than
that of the conventional martensitic stainless steel (the Cr
content is 13%). Further, the chemical composition of the
stainless steel pipe satisfies the formula of Cr+Mo+0.3Si-
43.5C-0.4Mn-Ni-0.3Cu-9N=11.5. Since the chemical
composition satisfies this formula, the micro-structure con-
sists of a two-phase micro-structure of ferritic phase and
martensitic phase. As a result, the hot workability is
improved. Further, the chemical composition of the stainless
steel pipe contains Ni and Mo as essential elements and
contains Cu as a selective element. Therefore, the corrosion
resistance of stainless steel pipe is improved.

The stainless steel pipe disclosed in Patent Document 2
contains 15.5 to 18.5% of Cr. Further, the stainless steel
disclosed in Patent Document 2 contains Ni, which improves
the corrosion resistance, as an essential element. In the stain-
less steel pipe disclosed in Patent Document 2, Mo and Cu are
selective elements.

The stainless steel pipe disclosed in Patent Document 3
contains 14 to 18% of Cr. The stainless steel pipe disclosed in
Patent Document 3 further contains Ni, Mo and Cu. There-
fore, the stainless steel pipe is corrosion resistant. Further, the
micro-structure of the stainless steel pipe disclosed in Patent
Document 3 contains a martensitic phase and an austenitic
phase having a volume ratio of 3 to 15%. Therefore, the
stainless steel pipe is tough.

As described above, the stainless steels disclosed in Patent
Documents 1 to 3 contain more than 13% of Cr. Further, these
stainless steels contain alloying elements of Ni, Mo, Cu, etc.
as an essential element or a selective element. Therefore, the
corrosion rate in high-temperature environments decreases.
For example, in the working example of Patent Document 1,
a decrease in corrosion rate in high-temperature environ-
ments has been proved (refer to Table 2 in Patent Document

1.
DISCLOSURE OF THE INVENTION

Unfortunately, in the stainless steel pipes disclosed in
Patent Documents 1 to 3, cracking may occur when a stress is
applied in a high-temperature environment. That is, stress
corrosion cracking may occur in a high-temperature environ-
ment. Therefore, the stainless steels disclosed in Patent Docu-
ments 1 to 3 may not meet the above-described requirements
(D to (3).

Accordingly, an object of the present invention is to pro-
vide a stainless steel for oil well having the following prop-
erties:

high strength, specifically, a 0.2% offset yield stress not

lower than 758 MPa;

excellent corrosion resistance in high-temperature envi-

ronments; and

excellent SSC resistance at normal temperature.

The inventors conducted studies and found that the stain-
less steel that meets the items (A) to (C) below can satisfy the
above-described requirements (1) to (3).

(A) The Cr content is higher than 16.0% by mass percent.
Further, Cr, Ni, Cu and No are contained so as to satisfy the
following formula:

Cr+Cu+Ni+Mo=25.5 (€8]

where the content (mass %) of element is substituted for the
corresponding symbol of element in the formula.

If the Cr content is increased, and Formula (1) is satisfied,
a strong passivation film is formed on the steel surface in
high-temperature environments. Therefore, the corrosion
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resistance is improved. More specifically, the corrosion rate
in high-temperature environments is decreased, and the SCC
resistance is improved.

(B) The micro-structure contains a martensitic phase and a
ferritic phase having a volume ratio of 10 to 40%. Further, the
ferritic phase distribution ratio should be higher than 85%.
The ferritic phase distribution ratio is explained below.

FIG. 1is aphotograph of a cross section near the surface of
a stainless steel in accordance with the present invention.
Referring to FIG. 1, a plurality of ferritic phases 5 extend
along a surface 1 of the stainless steel. Almost all of portions
other than the ferritic phases 5 in the cross section are a
martensitic phase 6.

The ferritic phase distribution ratio is a measure indicating
the manner of ferritic phases distributed in a portion near the
surface. The ferritic phase distribution ratio is defined as
described below. As shown in FIG. 2, a scale 10 having a
length of 200 um is prepared. In the scale 10, a plurality of
imaginary line segments 20 each having a length of 50 um are
arranged in a row at intervals of 10 pm over the range of 200
um in the longitudinal direction of the scale 10. The scale 10
is placed so that the upper side of the scale 10 coincides with
the surface 1 of the stainless steel shown in FIG. 1. FIG. 3
shows a photograph in which the scale 10 is applied. Each of
the imaginary line segments 20 has a length of 50 pm in the
thickness direction of stainless steel from the surface 1. The
plurality of imaginary line segments 20 are arranged in a row
at intervals of 10 um over the range of 200 um along the
surface of stainless steel. When the scale 10 is placed on the
cross section of stainless steel as shown in FIG. 3, the ferritic
phase distribution ratio (%) is defined by the following for-
mula (a):

Ferritic phase distribution ratio=number of imaginary
line segments crossing ferritic phases/total num-

ber of imaginary line segmentsx100 (a)

In short, the ratio of the number of imaginary line segments
crossing ferritic phases to the total number of imaginary line
segments is defined as the ferritic phase distribution ratio (%).
As described above, the ferritic phase distribution ratio is
higher than 85%. If the ferritic phase distribution ratio is
higher than 85%, the SCC resistance in high-temperature
environments is improved. FIG. 4 is a photograph of a cross
section of a stainless steel having a ferritic phase distribution
ratio 0o 71.4%. As shown in FIG. 4, a crack 7 produced in the
surface 1 is propagated in the thickness direction of the stain-
less steel. When the front edge of the crack 7 reaches a ferritic
phase 5, the propagation of the crack 7 stops. That is, the
ferritic phase 5 inhibits the propagation of crack. In FIG. 4,
since the ferritic phase distribution ratio is not higher than
85%, the ferritic phases 5 are not distributed widely in a
portion near the surface (that is, a depth range of 50 um from
the surface). Therefore, the crack 7 is propagated to some
depth.

In contrast, the ferritic phase distribution ratio of the stain-
less steel shown in FIG. 1 is higher than 85%. That is, the
ferritic phases 5 are distributed widely in a portion near the
surface. Therefore, when a crack is produced in the surface 1,
the crack reaches a ferritic phase at a position shallow from
the surface 1, and the propagation thereof stops. Therefore,
the SCC resistance in high-temperature environments is
improved.

(C) Copper (Cu) is contained in large amounts as an essen-
tial element. Specifically, the Cu content should be 1.5 to
3.0% by mass percent. In a high-temperature environment,
Cu restrains the propagation of cracks. Therefore, the SCC
resistance in high-temperature environments is improved.
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The mechanism of this is assumed as described below. If the
Cu content is 1.5 to 3.0%, a passivation film is likely to form
on the surface of a crack that stops propagating at a ferritic
phase. Therefore, new stress corrosion cracking can be
restrained from occurring from the crack surface.

Based on the above-described knowledge, the inventors
completed an invention described below.

The stainless steel for oil well in accordance with the
present invention has a chemical composition and micro-
structure described below, and has a 0.2% offset yield stress
not lower than 758 MPa. The chemical composition thereof
consists of, by mass percent, C: 0.05% or less, Si: 0.5% or
less, Mn: 0.01 to 0.5%, P: 0.04% or less, S: 0.01% or less, Cr:
more than 16.0 and not more than 18.0%, Ni: more than 4.0
and not more than 5.6%, Mo: 1.6 to 4.0%, Cu: 1.5t03.0%, Al:
0.001 to 0.10%, and N: 0.050% or less, the balance being Fe
and impurities, and satisfies Formulas (1) and (2). The micro-
structure thereof contains a martensitic phase and a ferritic
phase having a volume ratio of 10 to 40%. When a plurality of
imaginary line segments, which each have a length of 50 um
in the thickness direction from the surface of stainless steel
and are arranged in a row at intervals of 10 um over the range
of 200 pm, are placed on the cross section of the stainless
steel, the ratio of the number of imaginary line segments
crossing ferritic phases to the total number of imaginary line
segments is higher than 85%.

Cr+Cu+Ni+Mo=25.5 (€8]

—8=30(C+N)+0.5Mn+Ni+Cuw/2+8.2-1.1(Cr+Mo=-4 2)

where the content (mass %) of element is substituted for the
symbol of element in Formulas (1) and (2).

The 0.2% offset yield stress is defined as described below.
In a stress-strain curve graph in which the ordinates represent
stress and the abscissas represent strain, a stress correspond-
ing to the intersection of the stress-strain curve and an imagi-
nary straight line in parallel with a straight-line portion (elas-
tic zone) of the curve is referred to as an offset yield stress.
The distance between the starting point of the stress-strain
curve and the point at which the imaginary straight line inter-
sects with the abscissa is referred to as an offset amount. An
offset yield stress having an offset amount of 0.2% is referred
to as a 0.2% offset yield stress.

Preferably, the aforementioned chemical composition con-
tains, in place of some of Fe, one or more kinds selected from
the group consisting of V: 0.25% or less, Nb: 0.25% or less,
Ti: 0.25% or less, and Zr: 0.25% or less.

Preferably, the above-described chemical composition
contains, in place of some of Fe, one or more kinds selected
from the group consisting of Ca: 0.005% or less, Mg: 0.005%
or less, La: 0.005% or less, and Ce: 0.005% or less.

Preferably, the aforementioned micro-structure contains a
retained austenitic phase having a volume ratio not more than
10%.

A stainless steel pipe for oil well in accordance with the
present invention is manufactured by using the above-de-
scribed stainless steel.

A method of manufacturing a stainless steel for oil well in
accordance with the present invention includes the following
steps of S1 to S4:

(S1) A step of heating a steel stock having a chemical
composition consisting of, by mass percent, C: 0.05% or less,
Si: 0.5% or less, Mn: 0.01 to 0.5%, P: 0.04% or less, S: 0.01%
orless, Cr: more than 16.0 and not more than 18.0%, Ni: more
than 4.0 and not more than 5.6%, Mo: 1.6 to 4.0%, Cu: 1.5 to
3.0%, Al: 0.001 to 0.10%, and N: 0.050% or less, the balance
being Fe and impurities, and satisfying Formulas (1) and (2).
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(S2) A step of hot working the steel stock so that the
reduction of area of the steel stock at a steel stock temperature
of 850 to 1250° C. is not less than 50%.

(S3) A step of heating the steel stock to a temperature not
lower than Ac3 transformation point and quenching it after
the hot working.

(S4) A step of tempering the steel stock at a temperature not
higher than Ac1 transformation point after the quenching.

The reduction of area (%) is defined by the following
formula (3):

Reduction of area=(1-steel stock cross-sectional area
perpendicular to the steel stock longitudinal
direction after hot working/steel stock cross-sec-
tional area perpendicular to the steel stock longi-
tudinal direction before hot working)x100

®
Through the above-described steps, a stainless steel for oil

well, having the above-described chemical composition,
micro-structure, and yield stress, is manufactured.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a photograph of a cross section of a stainless steel
for oil well in accordance with the present invention;

FIG. 2 is a view showing a scale for measuring a ferritic
phase distribution ratio;

FIG. 3 is a view for explaining a method of measuring a
ferritic phase distribution ratio by using the scale shown in
FIG. 2; and

FIG. 4 is a photograph of a cross section of a stainless steel
having a ferritic phase distribution ratio of 85% or lower.

BEST MODE FOR CARRYING OUT THE
INVENTION

An embodiment of the present invention will now be
described in detail.

1. Chemical Composition

The stainless steel for oil well in accordance with the
present invention has a chemical composition described
below. Hereinafter, the percentage relating to the element
means mass percent.

C: 0.05% or Less

Carbon (C) improves the strength of steel. However, if the
C content is too high, the hardness after tempering becomes
excessively high, and the SSC resistance is deteriorated. Fur-
ther, in the chemical composition of the present invention, as
the C content increases, the Ms point decreases. Therefore, as
the C content increases, the retained austenite is liable to
increase, and the 0.2% offset yield stress is liable to decrease.
Therefore, the C content should be 0.05% or less. The pret-
erable C contentis 0.03% or less. The lower limit of C content
is not subject to any special restriction. However, considering
the cost of decarburization in the steel making process, the
preferable C content is 0.003% or more, further preferably
0.007% or more.

Si: 0.5% or Less

Silicon (Si) deoxidizes steel. If the Si content is too high,
the toughness and hot workability of steel are deteriorated.
Therefore, the Si content should be 0.5% or less.

Mn: 0.01 to 0.5%

Manganese (Mn) deoxidizes and desulfurizes steel, and
improves the hot workability. If the Mn content is too low, the
above-described effects cannot be achieved. If the Mn content
is too high, the corrosion resistance in high-temperature envi-
ronments is deteriorated. Therefore, the Mn content should be
0.01 to 0.5%. The preferable Mn content is 0.05% or more
and less than 0.2%.
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6
P: 0.04% or Less

Phosphorus (P) is an impurity. Phosphorus deteriorates the
SSC resistance. Therefore, the P content should be 0.04% or
less. The preferable P content is not more than 0.025%.

S: 0.01% or less

Sulfur (S) is an impurity. Sulfur deteriorates the hot work-
ability. Therefore, the S content should be 0.01% or less. The
preferable S content is not more than 0.005%, further prefer-
ably not more than 0.002%.

Cr: More than 16.0 and not More than 18.0%

Chromium (Cr) improves the corrosion resistance in high-
temperature environments. Specifically, Cr decreases the cor-
rosion rate in high-temperature environments and improves
the SCC resistance. If the Cr content is too low, the above-
described effects cannot be achieved. If the Cr content is too
high, the ferritic phase in steel increases, and the strength of
steel is deteriorated. Therefore, the Cr content should be more
than 16.0% and not more than 18.0%. The preferable Cr
content is 16.3 to 18.0%.

Ni: More than 4.0 and not More than 5.6%

Nickel (Ni) improves the strength of steel. Further, Ni
improves the corrosion resistance in high-temperature envi-
ronments. If the Ni content is too low, the above-described
effects cannot be achieved. However, if the Ni content is too
high, the amount of retained austenite produced is liable to
increase. Hereby, it is difficult to obtain a 0.2% offset yield
stress of 758 MPa or higher. Therefore, the Ni content should
be more than 4.0% and not more than 5.6%. The preferable Ni
content is 4.2 to 5.4%.

Mo: 1.6 to 4.0%

Molybdenum (Mo) improves the SSC resistance. If the Mo
content is too low, the above-described effect cannot be
achieved. On the other hand, even if Mo is contained exces-
sively, the above-described effect saturates. Therefore, the
Mo content should be 1.6 to 4.0%. The preferable Mo content
is 1.8 t0 3.3%.

Cu: 1.5t03.0%

Copper (Cu) improves the strength of steel by means of
precipitation hardening. Further, as described above, Cu
improves the SCC resistance in high-temperature environ-
ments. Still further, Cu decreases the corrosion rate. Ifthe Cu
content is too low, the above-described effects cannot be
achieved. If the Cu content is too high, the hot workability is
deteriorated. Therefore, the Cu content should be 1.5 to 3.0%.
The preferable Cu content is 2.0 to 3.0%, further preferably
2.3 t0 2.8%.

Al: 0.001 to 0.10%

Aluminum (Al) deoxidizes steel. If the Al content is too
low, the above-described effect cannot be achieved. If the Al
content is too high, the inclusions in steel increase, so that the
corrosion resistance is deteriorated. Therefore, the Al content
should be 0.001 to 0.10%.

N: 0.050% or Less

Nitrogen (N) improves the strength of steel. However, if the
N content is too high, the inclusions in steel increase, so that
the corrosion resistance is deteriorated. Therefore, the N con-
tent should be 0.050% or less. The preferable N content is
0.026% or less. The lower limit value of preferable N content
is 0.002%.

The chemical composition of the stainless steel in accor-
dance with the present invention further satisfies Formula (1):

Cr+Cu+Ni+Mo=25.5 (€8]

where the content of element is substituted for the corre-
sponding symbol of element in Formula (1).

If the contents of Cr, Cu, Ni and No in the steel satisfy
Formula (1), in high-temperature environments, a strong pas-



US 9,109,268 B2

7

sivation film is formed on the surface of the stainless steel.
Therefore, the corrosion rate in high-temperature environ-
ments decreases. Further, the SCC resistance is improved in
high-temperature environments.

2. Micro-Structure

The stainless steel in accordance with the present invention
has a micro-structure containing a ferritic phase having a
volume ratio of 10 to 40%. The remaining portion of micro-
structure other than the ferritic phase is mainly a martensitic
phase, additionally including a retained austenitic phase. If
the amount of retained austenitic phase increases excessively,
it is difficult to obtain high strength. Therefore, the preferable
volume ratio of retained austenitic phase in the steel is 10% or
less.

The volume ratio of the ferritic phase is determined by the
method described below. A sample may be taken from any
location in the stainless steel. The sample surface correspond-
ing to the cross section of the stainless steel is ground. After
being ground, the ground sample surface is etched by using a
solution in which glycerin is mixed with aqua regia. Using an
optical microscope (observation magnification x100), the
area ratio of ferritic phase on the etched surface is measured
by the point counting method conforming to JISG0555. The
measured area ratio is defined as the volume ratio of ferritic
phase.

The volume ratio of the retained austenitic phase is deter-
mined by the X-ray diffraction method. A sample may be
taken from any location in the stainless steel. The size of the
sample is 15 mmx15 mmx2 mm. Using this sample, X-ray
intensity is measured on the (200) plane of o (ferrite) phase,
the (211) plane of a phase, and the (200) plane, the (220)
plane, and the (311) plane of y (retained austenite) phase.
Then, the integrated intensity on each plane is calculated.
After the calculation, the volume ratio Vy (%) is calculated for
each of combinations of the planes of a phase and the planes
of'y phase (a total of six combinations) by using Formula (4).
The mean value of the volume ratios Vy of the six combina-
tions is defined as the volume ratio (%) of retained austenite.

Vy=100/(1+{a-Ry)/(Iy-Ra)) 4

where Ia is the integrated intensity of o phase, Ra is the
crystallographic theoretical calculation value of a phase, Iy is
the integrated intensity of y phase, and Ry is the crystallo-
graphic theoretical calculation value of y phase.

If the volume ratio of ferritic phase is 10 to 40%, a 0.2%
offset yield stress of 758 MPa or higher can be obtained.
Further, the ferritic phase inhibits the propagation of crack-
ing. Therefore, the SCC resistance in high-temperature envi-
ronments is improved.

The micro-structure of the stainless steel whose chemical
composition satisfies Formula (2) and which is manufactured
by the manufacturing method described later can have a con-
figuration containing 10 to 40% of ferritic phase.

—-8=30(C+N)+0.5Mn+Ni+Cu/2+8.2-1.1(Cr+Mo)=-4 2)

where the content of element is substituted for the corre-
sponding symbol of element in Formula (2).

It is defined that X=30(C+N)+0.5Mn+Ni+Cu/2+8.2-1.1
(Cr+Mo). If X is less than -8, the volume ratio of ferritic
phase exceeds 40%. If the volume ratio of ferritic phase
exceeds 40%, cracking is liable to occur in high-temperature
environments. The reason for this is unclear; however, the
reason can be assumed as described below. The concentration
distribution of Cr occurs between the ferritic phase and the
martensitic phase. Specifically, the Cr content in the ferritic
phase is higher than the Cr content in the martensitic phase.
Chromium is thought to be effective in preventing the propa-
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gation of cracking in high-temperature environments. How-
ever, when the volume ratio of ferritic phase increases and
exceeds 40%, the Cr content in the ferritic phase decreases
below the content that is effective in preventing the propaga-
tion of cracking in high-temperature environments. There-
fore, it is thought that cracking is liable to occur.

On the other hand, if X is more than -4, the volume ratio of
ferritic phase is less than 10%. If the ferritic phase is too little,
the propagation of cracking cannot be restrained. The prefer-
able range of X is 7.7 to —-4.3.

As described above, the ferritic phase distribution ratio is
higher than 85%. FIG. 1 shows one example of the cross
section of the stainless steel in accordance with the present
invention. The thickness of a ferritic phase 5 near the surface
1 is mostly about 0.5 to 1 um. The length of the ferritic phase
5 is mostly about 50 to 200 um. In FIG. 1, since the ferritic
phase distribution ratio is higher than 85%, the ferritic phases
5 are distributed in the whole area under the surface 1. For this
reason, the cracking occurring on the surface 1 reaches the
ferritic phase 5 at a position shallow from the surface 1, and
the propagation thereof is inhibited. Therefore, the SCC resis-
tance is improved.

If the ferritic phase distribution ratio is 85% or lower
though the above-described chemical composition, Formula
(1), and Formula (2) are within the range according to the
present invention, the ferritic phase distribution ratio is 85%
orlower. In FIG. 4 in which the ferritic phase distribution ratio
is 85% or lower, the length of the ferritic phase 5 in the
direction in parallel with the surface 1 is shorter than the
length of the ferritic phase 5 in FIG. 1. The ferritic phases 5 in
FIG. 4 are not distributed so widely as in FIG. 1. Therefore,
the distance in which a crack 7 reaches the ferritic phase 5 is
longer than that in FIG. 1. As a result, stress corrosion crack-
ing is liable to occur.

3. Selective elements

The chemical composition of the stainless steel for oil well
in accordance with the present invention may further contain,
in place of some of Fe, one or more kinds selected from the
group consisting of a plurality of elements described below.
V:0.25% or less
Nb: 0.25% or less
Ti: 0.25% or less
Zr: 0.25% or less

All of vanadium (V), niobium (Nb), titanium (Ti), and
zirconium (Zr) are selective elements. These elements form
carbides to improve the strength and toughness of steel. How-
ever, if the contents of these elements are too high, the car-
bides coarsen, so that the toughness is deteriorated. Also, the
corrosion resistance is deteriorated. Therefore, the V content
should be 0.25% or less, the Nb content should be 0.25% or
less, the Ti content should be 0.25% or less, and the Zr content
should be 0.25% or less. Preferably, the content of V, Nb or Zr
is 0.005 to 0.25%, and the Ti content is 0.05 to 0.25%. In this
case, the above-described effects can be achieved especially
effectively.

The chemical composition of the stainless steel for oil well
in accordance with the present invention may further contain,
in place of some of Fe, one or more kinds selected from the
group consisting of a plurality of elements described below.
Ca: 0.005% or less
Mg: 0.005% or less
La: 0.005% or less
Ce: 0.005% or less

All of calcium (Ca), magnesium (Mg), lanthanum (La),
and cerium (Ce) are selective elements. These elements
improve the hot workability of steel. However, if the contents
of these elements are too high, coarse oxides are formed, so
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that the corrosion resistance is deteriorated. Therefore, the
content of each of these elements should be 0.005% or less.
Preferably, the Ca content, the Mg content, the La content,
and the Ce content each are 0.0002 to 0.005%. In this case, the
above-described effect can be achieved especially effectively.

Even if these selective elements are contained, the micro-
structure described in item 2 can be obtained.
4. Manufacturing method

A method of manufacturing the stainless steel for oil well
in accordance with the present invention is described. If a
steel stock (cast piece, billet, bloom and slab etc.) having the
above-described chemical composition and satisfying For-
mulas (1) and (2) is hot worked with a predetermined reduc-
tion of area, the micro-structure described in item 2 can be
obtained. Hereunder, the method of manufacturing the stain-
less steel pipe for oil well is described as one example of the
stainless steel for oil well in accordance with the present
invention.
S1: Steel Stock Preparing and Heating Step

A steel stock having the above-described chemical com-
position and satisfying Formulas (1) and (2) is prepared. The
steel stock may be a cast piece manufactured by the round
billet continuous casting process. Also, the steel stock may be
a billet manufactured by hot working an ingot manufactured
by the ingot making process, or may be a billet manufactured
from a cast piece produced by the bloom continuous casting.
The prepared steel stock is charged into a heating furnace or
a soaking pit and is heated.
S2: Hot Working Step

Successively, the heated steel stock is hot worked to manu-
facture a material pipe. For example, the Mannesmann pro-
cess is implemented for hot working. Specifically, the steel
stock is pierced by a piercing machine to form a material pipe.
Then, the material pipe is rolled by a mandrel mill or a sizing
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1250° C. is 50% or more. The reduction of area (%) is defined
by the aforementioned Formula (3).

If the reduction of area of the steel stock at a steel stock
temperature of 850 to 1250° C. is 50% or more, a micro-
structure in which a ferritic phase having a volume ratio of 10
to 40% is contained and the ferritic phase distribution ratio is
higher than 85% can be obtained. On the other hand, even for
the steel stock having the chemical composition of the present
invention and satisfying Formulas (1) and (2), if the reduction
of area is less than 50%, the ferritic phase distribution ratio is
sometimes 85% or less.

The material pipe having been hot worked is cooled to
normal temperature. The cooling method may be air cooling
or may be water cooling.

S3 and S4: Quenching Step and Tempering Step

After the hot working, the material pipe is quenched and
tempered so that the 0.2% offset yield stress is 758 MPa or
higher. The preferable quenching temperature is the Ac3
transformation point or higher. The preferable tempering
temperature is the Acl transformation point or lower.
Through the above-described steps, the stainless steel pipe in
accordance with the present invention is manufactured.
Method of Manufacturing Other Stainless Steel Products

The above is the description of the method of manufactur-
ing a seamless stainless steel pipe given as one example of the
method of manufacturing the stainless steel. The manufactur-
ing method for other stainless steel products (for example, a
steel plate, an electric resistance welded steel tube, and a laser
welded steel tube) manufactured from the stainless steel is the
same as that for the seamless stainless steel pipe. For
example, a stainless steel plate is manufactured by rolling a
steel stock by using a rolling mill in the hot working step.

mill. For hot working, hot extrusion may be accomplished, or 35 EXAMPLES
forging may be performed.
Atthis time, hot working is performed so that the reduction A steel having the chemical composition given in Table 1
of area of the steel stock at a steel stock temperature of 850 to was melted to manufacture a cast piece or a billet.
TABLE 1
Chemical compound: unit being mass %, balance being Fe and unavoidable impurities Value of
Others Formula (1) Value of
Classifi- V, Nb, Ti, Zr, Cr+Cu+  Formula (2)
cation Steel C Si Mn P S Cr Cu Ni Mo Al N Ca, Mg, La, Ce Ni + Mo X
Invention A 0.020 0.24 0.10 0.017 0.0009 1696 248 5.03 2.55 0.045 0.0153 — 27.02 -5.88
steel B 0.010 0.25 0.08 0.017 0.0004 1699 242 453 2.56 0.049 0.0065 — 26.50 -7.03
C 0.025 0.24 0.17 0.018 0.0005 17.09 236 4.51 2.52 0.049 0.0066 — 26.48 -6.65
D 0.027 0.25 0.13 0.017 0.0005 1749 245 415 253 0.045 0.0110 — 26.62 -7.24
E 0.024 0.25 0.05 0.016 0.0010 16.43 245 455 249 0.031 0.0200 — 25.92 -5.49
F 0.023 0.24 0.18 0.019 0.0005 16.14 239 547 2.50 0.049 0.0052 — 26.50 -4.70
G 0.020 0.23 0.03 0.018 0.0005 17.04 249 453 254 0.041 0.0069 — 26.60 -6.74
H 0.021 0.25 0.16 0.018 0.0004 17.05 239 441 252 0.051 0.0055 — 26.37 -6.85
1 0.033 0.24 0.15 0.018 0.0004 1738 254 494 255 0.050 0.0131 — 27.41 -6.06
J 0.022 0.24 0.13 0.018 0.0004 16.86 246 5.05 1.80 0.050 0.0080 — 26.17 -5.08
K 0019 024 0.15 0.018 0.0004 16.92 248 503 3.18 0.050 0.0076 — 27.61 -6.77
L 0.022 0.24 0.15 0.017 0.0004 16.86 291 5.03 2.55 0.050 0.0066 — 27.35 -5.73
M 0.022 0.24 0.30 0.018 0.0004 16.86 248 5.03 2.55 0.050 0.0066 — 26.92 -5.87
N 0.023 0.24 031 0.017 0.0004 1695 239 457 2.55 0.055 0.0080 — 26.46 -6.40
O 0.023 024 045 0.017 0.0004 17.11 2.39 458 255 0.055 0.0084 — 26.63 -6.48
P 0.023 0.25 031 0.018 0.0006 17.03 238 4.10 2.52 0.054 0.0092 — 26.03 -6.89
Q 0.024 0.25 0.16 0.017 0.0015 16.13 242 4.56 2.51 0.044 0.0200 — 25.62 -5.13
R 0.023 025 0.18 0.017 0.0006 17.03 238 4.61 3.80 0.054 0.0155 — 27.82 -7.67
S 0.044 0.25 0.18 0.017 0.0007 17.02 242 453 2.56 0.044 0.0065 — 26.53 -5.99
T 0.042 0.25 031 0.017 0.0004 1699 242 453 2.56 0.049 0.0065 — 26.50 -5.96
U 0.022 024 0.10 0.017 0.0009 17.01 248 5.03 2.55 0.045 0.0153 V:0.05 27.07 -5.88
VvV  0.022 024 0.10 0.017 0.0009 1694 248 5.03 2.55 0.045 0.0153 Nb: 0.06 27.00 -5.80
W 0.022 024 0.10 0.017 0.0009 17.51 248 5.03 2.55 0.045 0.0153 Ti: 0.11 27.57 -6.43
X 0.022 024 0.10 0.017 0.0009 1694 248 5.03 2.55 0.045 0.0153 Zr:0.05 27.00 -5.80
AA  0.022 0.24 0.10 0.017 0.0009 16.94 248 503 255 0.045 0.0153 Ca: 0.0010 27.00 -5.80
AB 0.022 0.24 0.10 0.017 0.0009 16.94 248 5.03 255 0.045 0.0153 Mg:0.0013 27.00 -5.80
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TABLE 1-continued
Chemical compound: unit being mass %, balance being Fe and unavoidable impurities Value of
Others Formula (1) Value of

Classifi- V, Nb, Ti, Zr, Cr+Cu+  Formula (2)
cation Steel C Si Mn P S Cr Cu Ni Mo Al N Ca, Mg, La, Ce Ni + Mo X

AC 0.022 024 0.10 0.017 0.0009 1694 2.48 5.03 255 0.045 0.0153 V:0.04, Ti: 0.09, 27.00 -5.80

Ca: 0.0010
AD 0.022 024 0.10 0.017 0.0009 1694 248 503 255 0.045 0.0153 V:0.06,Ti: 0.08, 27.00 -5.80
Mg: 0.0021

AE 0.020 0.24 0.10 0.018 0.0009 17.01 248 5.06 2.53 0.040 0.0161 V: 0.05 27.08 -5.86

AF  0.008 0.23 0.18 0.018 0.0005 17.04 249 453 254 0.041 0.0070 V: 0.05 26.60 -7.02
Compar- BA 0.034 025 0.16 0.017 0.0008 1645 190 553 175 0.044 0.0190 — 25.63 -3.67
ative BB 0.012 024 0.12 0.017 0.0004 17.81 2.50 4.08 2.67 0.044 0.0140 — 27.06 -8.16
steel BC 0.021 0.26 031 0016 0.0010 1646 151 4.58 250 0.035 0.0210 — 25.05 -5.91

BD 0.021 024 031 0016 0.0007 1657 2.64 497 151 0.035 0.0190 — 25.69 -4.04

BE 0.060 0.25 0.01 0.016 0.0007 16.99 242 453 256 0.040 0.0065 — 26.50 -5.57

BF 0.030 0.25 0.32 0.017 0.0010 14.89 1.02 6.21 2.01 0.001 0.0410 — 24.13 -1.38

BG 0.021 0.24 030 0.017 0.0004 17.56 2.50 3.42 255 0.041 0.0130 — 26.03 -8.08

BH 0.020 023 032 0015 0.0010 1641 153 3.59 251 0.018 0.0210 — 24.04 -6.87

BI 0.021 0.23 0.18 0.015 0.0010 16.15 1.01 6.02 251 0.002 0.0190 V: 0.05 25.69 -4.51

* Underlined value indicates that the value is out of range of corresponding value of present invention.

* X =30(C + N) + 0.5Mn + Ni + Cu/2 + 8.2 — 1.1(Cr + Mo)

Referring to Table 1, the chemical compositions of steels A
to X and AA to AF were within the range of chemical com-
position of the present invention. Also, the chemical compo-
sitions of steels A to X and AA to AF satisfied Formulas (1)
and (2).

On the other hand, steels BA to Bl departed from the range
according to the present invention. Specifically, the chemical
compositions of steels BA and BB were within the range
according to the present invention, and also satisfied Formula
(1), but did not satisfy Formula (2). The chemical composi-
tion of steel BC was within the range according to the present
invention, and also satisfied Formula (2), but did not satisfy
Formula (1). The Mo content of steel BD was lower than the
lower limit of Mo content of the present invention. The C
content of steel BE exceeded the upper limit of C content of
the present invention. The Cr content and the Cu content of
steel BF were lower than the lower limits of Cr content and Cu
content of the present invention, and further did not satisfy
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Formulas (1) and (2). The Ni content of steel BG was lower
than the lower limit of Ni content of the present invention. The
Ni content of steel BH was lower than the lower limit of Ni
content of the present invention, and further did not satisfy
Formula (1). The Cu content of steel BI was lower than the
lower limit of Cu content of the present invention. The Acl
transformation points of steels A to X, AA to AF, and BA to BI
were within the range of 630 to 710° C., and the Ac3 trans-
formation points thereof were within the range of 720 to 780°
C.

Steels A to X, steels AA to AD, steel AF, and steels BA to
BI were cast pieces each having a thickness of 30 mm. Also,
steel AE was a solid round billet having a diameter of 191
mm. Steel S and steel AE each were prepared in plural num-
bers.

Using the prepared cast pieces and slabs, stainless steel
plates and stainless steel pipes of test numbers 1 to 44 given in
Table 2 were manufactured.

TABLE 2

Metal micro-structure

High-temperature

Ferritic Austenitic Martensitic Ferritic phase _corrosion resistance
Test YS Reduction phase volume phase volume phase volume distribution Corrosion SSC
number  Steel (MPa) of area (%) ratio (%) ratio (%) ratio (%) ratio (%) Crack rate resistance
1 A 882 52.0 23 2 75 100 Absent <0.1 Absent
2 B 893 52.0 38 4 58 100 Absent <0.1 Absent
3 C 911 52.0 35 5 60 100 Absent <0.1 Absent
4 D 911 57.9 39 1 60 100 Absent <0.1 Absent
5 E 835 57.9 18 0 82 100 Absent <0.1 Absent
6 F 762 57.9 13 7 80 100 Absent <0.1 Absent
7 G 901 57.9 30 5 65 100 Absent <0.1 Absent
8 H 911 57.9 32 2 66 100 Absent <0.1 Absent
9 I 951 57.9 25 2 73 100 Absent <0.1 Absent
10 I 870 57.9 35 3 62 100 Absent <0.1 Absent
11 K 882 57.9 20 4 76 100 Absent <0.1 Absent
12 L 944 57.9 25 4 71 100 Absent <0.1 Absent
13 M 907 57.9 25 4 71 100 Absent <0.1 Absent
14 N 918 57.9 30 2 68 100 Absent <0.1 Absent
15 o 931 57.9 30 2 68 100 Absent <0.1 Absent
16 P 830 57.9 35 1 64 100 Absent <0.1 Absent
17 Q 814 57.9 18 3 79 100 Absent <0.1 Absent
18 R 855 76.7 38 1 61 100 Absent <0.1 Absent
19 S 848 76.7 25 1 74 100 Absent <0.1 Absent
20 T 805 76.7 20 6 74 100 Absent <0.1 Absent
21 U 951 76.7 22 1 77 100 Absent <0.1 Absent
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TABLE 2-continued
Metal micro-structure High-temperature
Ferritic Austenitic Martensitic Ferritic phase _corrosion resistance
Test YS Reduction phase volume phase volume phase volume distribution Corrosion SSC
number  Steel (MPa) of area (%) ratio (%) ratio (%) ratio (%) ratio (%) Crack rate resistance

22 v 944 76.7 20 2 78 100 Absent <0.1 Absent
23 \ 910 76.7 28 0 72 100 Absent <0.1 Absent
24 X 924 80.0 20 2 78 100 Absent <0.1 Absent
25 AA 889 80.0 22 1 77 100 Absent <0.1 Absent
26 AB 869 80.0 22 2 76 100 Absent <0.1 Absent
27 AC 962 80.0 22 1 77 100 Absent <0.1 Absent
28 AD 951 80.0 22 1 77 100 Absent <0.1 Absent
29 AF 893 52 33 5 62 95.2 Absent <0.1 Absent
30 AE 910 57.9 25 5 70 100 Absent <0.1 Absent
31 AE 905 52.8 27 3 70 100 Absent <0.1 Absent
32 AE 876 44.2 22 5 73 71.4 Present <0.1 Absent
33 S 820 40 15 3 82 71.4 Present <0.1 Absent
34 S 811 30 13 1 86 61.9 Present <0.1 Absent
35 S 808 20 16 0 84 57.1 Present <0.1 Absent
36 BA 848 57.9 1 3 96 47.6 Present <0.1 Present
37 BB 869 57.9 70 0 30 100 Present <0.1 Absent
38 BC 816 57.9 20 0 80 100 Present <0.1 Absent
39 BD 923 57.9 11 7 82 85.7 Present <0.1 Present
40 BE 841 57.9 18 5 77 100 Present <0.1 Present
41 BF 905 57.9 0 0 100 0 Present =0.1 Present
42 BG 910 57.9 62 3 35 100 Present <0.1 Present
43 BH 805 57.9 33 0 67 100 Present <0.1 Present
44 BI 851 57.9 24 0 76 100 Present <0.1 Absent

Manufacture of Stainless Steel Plate

Nos. 1 to 29 and Nos. 33 to 44 stainless steel plates were
manufactured as described below. The cast pieces of steels A
to X, steels AA to AD, steel AF, and steels BA to BI were
heated by a heating furnace. The heated cast pieces were hot
forged and hot rolled to manufacture stainless steel plates
each having a thickness of 6 to 14.4 mm and a width of 120
mm. The temperature of cast piece during hot working (hot
forging and hot rolling) was 1000 to 1250° C. The reductions
of area during hot working were as given in Table 2. The
reduction of area was determined based on Formula (3). The
reductions of area of Nos. 33 to 35 steel plates were less than
50%. The reductions of area of steel plates of other numbers
were 50% or more.

The manufactured stainless steel plates were quenched.
Specifically, the stainless steel plates were heated at a quench-
ing temperature of 980 to 1250° C. for 15 minutes, and then
was water cooled. The quenching temperatures of all test
numbers were not lower than the Ac3 transformation point.
The quenched steel plate was tempered at a temperature of
500 to 650° C. so that the 0.2% offset yield stress was 758 to
966 MPa. The tempering temperatures of steels of all test
numbers were not higher than Acl transformation point.
Manufacture of Stainless Steel Pipe

Nos. 30 to 32 stainless steel pipes were manufactured as
described below. After the round billet of steel AE has been
heated by a heating furnace, hot working (including piercing
using a piercing machine and rolling using a mandrel mill)
was performed to manufacture a stainless steel pipe (seamless
steel pipe). At this time, the billet temperature at the time of
hot working was 950 to 1200° C. Also, the reduction of area
at the time of hot working was as given in Table 2. The
reduction of area of No. 32 stainless steel pipe was less than
50%. The reductions of area of stainless steel pipes of other
test numbers exceeded 50%. The manufactured stainless steel
pipe was quenched and tempered under the same conditions
as those of the above-described stainless steel plate so that the
0.2% offset yield stress was 758 to 966 MPa.
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Investigation of Micro-Structure and Ferritic Phase Distribu-
tion Ratio

A sample including the surface of the stainless steel plate or
the stainless steel pipe was taken from an arbitrary location in
the stainless steel plate or the stainless steel pipe of each test
number. The sample surface corresponding to the cross sec-
tion of the stainless steel plate or the stainless steel pipe was
ground. After grinding, the sample surface was etched by
using a solution in which glycerin is mixed with aqua regia.

The area ratio of ferritic phase on the etched sample surface
was measured by the point counting method conforming to
JISG0555. The measured area ratio was defined as the volume
ratio of ferritic phase. The volume ratio of the retained aus-
tenitic phase was determined by the aforementioned X-ray
diffraction method. It was assumed that the martensitic phase
was the remaining portion of micro-structure other than the
ferritic phase and the retained austenitic phase. Therefore, the
volume ratio (%) of martensitic phase was determined based
on Formula (b).

Volume ratio of martensitic phase=100—(volume ratio
of ferritic phase+volume ratio of retained austen-
itic phase)

®)

The determined volume ratios of ferritic phase, retained
austenitic phase, and martensitic phase are given in Table 2.

Further, the ferritic phase distribution ratio was deter-
mined. Specifically, a scale shown in FIG. 2 was placed on the
cross section of sample of each test number to determine the
ferritic phase distribution ratio (%) defined by Formula (a).
The determined ferritic phase distribution ratio is given in
Table 2.
Tensile Test

A round bar tensile test specimen was taken from the
stainless steel plate and stainless steel pipe of each test num-
ber. Using this round bar tensile test specimen, a tensile test
was conducted. The longitudinal direction of the round bar
tensile test specimen was the rolling direction of the stainless
steel plate and the stainless steel pipe. The diameter of the
parallel portion of the round bar tensile test specimen was 4
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mm, and the length thereof was 20 mm. The tensile test was
conducted at normal temperature (25° C.).
High-Temperature Corrosion Resistance Test

A four-point bending test specimen was taken from the
stainless steel plate and stainless steel pipe of each test num-
ber. The length of the specimen was 75 mm, the width thereof
was 10 mm, and the thickness thereof was 2 mm. Each speci-
men was deflected by four-point bending. At this time, the
deflection amount of each specimen was determined in con-
formity to ASTM G39 so that the stress applied to each
specimen is equal to the 0.2% offset yield stress of each
specimen.

An autoclave 0f 200° C. in which CO, 0of 3 MPa and H,S of
0.001 MPa were sealed under pressure was prepared. The
specimen subjected to deflection was immersed in NaCl
aqueous solution of 25 wt % in the autoclave for one month.
After one-month immersion, it was examined whether or not
cracking occurred in the specimen. Specifically, the cross
section of the specimen portion to which tensile stress was
applied was observed using an optical microscope of x100
magnification to judge the presence of crack. Also, the weight
of specimen was measured before and after the test. From the
change of measured weight, the corrosion loss of specimen
was determined. Then, the corrosion rate (g/(m>hr)) was
determined based on the corrosion loss.

The test results are given in Table 2. The term “Present” in
“Crack” item in “High-temperature corrosion resistance” col-
umn in Table 2 indicates that a crack was confirmed by the
observation using an optical microscope. The term “Absent”
indicates that a crack could not be confirmed. The expression
“=0.1” in “Corrosion rate” item indicates that the corrosion
rate was lower than 0.1 g/(m*hr). The expression “z0.1”
indicates that the corrosion rate was not lower than 0.1
g/(m*hr).

SSC Resistance Test at Normal Temperature

A four-point bending test specimen was taken from the
steel plate of each test number. The length of the specimen
was 75 mm, the width thereof was 10 mm, and the thickness
thereofwas 2 mm. Each specimen was deflected by four-point
bending. At this time, the deflection amount of each specimen
was determined in conformity to ASTM G39 so that the stress
applied to each specimen is equal to the 0.2% offset yield
stress of each specimen.

An autoclave of normal temperature (25° C.) in which CO,
ot 0.099 MPa and H,S of 0.001 MPa were sealed was pre-
pared. The specimen subjected to deflection was immersed in
NaCl aqueous solution of 20 wt % in the autoclave for one
month. After one-month immersion, it was examined whether
or not cracking occurred in the specimen. The criterion of
crack was the same as that in the high-temperature corrosion
resistance test. The test results are given in Table 2. The term
“Present” in “SSC resistance” column in Table 2 indicates
that a crack was confirmed by the observation using an optical
microscope. The term “Absent” indicates that a crack could
not be confirmed.

Test Results

Referring to Table 2, the stainless steel plates and stainless
steel pipes of test numbers 1 to 31 each had a chemical
composition and micro-structure within the range according
to the present invention. Therefore, in the high-temperature
corrosion resistance test, no cracking (SCC) occurred, and the
corrosion rate was lower than 0.1 g/(m>-hr). In the SSC resis-
tance test at normal temperature as well, no cracking (SSC)
occurred.

The chemical compositions of the stainless steel plates and
stainless steel pipes of test numbers 32 to 35 were within the
range according to the present invention, and satisfied For-

20

25

35

40

45

55

16

mulas (1) and (2). However, the ferritic phase distribution
ratios thereof were lower than the lower limit of the present
invention. Therefore, cracking occurred in the high-tempera-
ture corrosion resistance test. It is assumed that since the
reductions of area of the stainless steel plates and stainless
steel pipes of test numbers 32 to 35 were less than 50%, the
ferritic phase distribution ratios thereof were lower than the
lower limit of the present invention.

For the steel plate of test number 36, the value of X
exceeded the upper limit of Formula (2), so that the volume
ratio of ferritic phase was less than 10%. Therefore, cracking
occurred in the high-temperature corrosion resistance test and
the SSC resistance test. For the steel plate of test number 37,
the value of X was lower than the lower limit of Formula (2),
so that the volume ratio of ferritic phase exceeded 40%.
Therefore, cracking occurred in the high-temperature corro-
sion resistance test. The steel plate of test number 38 did not
satisfy Formula (1). Therefore, cracking occurred in the high-
temperature corrosion resistance test. The reason for this is
probably that a passivation film, which prevents crack propa-
gation, was less liable to be formed on the surface of crack
after the occurrence of crack.

For the steel plate of test number 39, the Mo content was
lower than the lower limit of Mo content of the present inven-
tion. Therefore, cracking occurred in the high-temperature
corrosion resistance test and the SSC resistance test. For the
steel plate of test number 40, the C content exceeded the upper
limit of C content of the present invention. Therefore, crack-
ing occurred in the high-temperature corrosion resistance test
and the SSC resistance test. For the steel plate of test number
41, the Cr content and the Cu content were lower than the
lower limits of Cr content and Cu content of the present
invention, and Formulas (1) and (2) were not satisfied. There-
fore, cracking occurred in the high-temperature corrosion
resistance test and the SSC resistance test, and the corrosion
rate in the high-temperature corrosion resistance test was 0.1
g/(m*hr) or higher. For the steel plate of test number 42, the
Ni content is lower than the lower limit of Ni content of the
present invention, and the value of X was lower than the lower
limit value of Formula (2). Therefore, cracking occurred in
the high-temperature corrosion resistance test and the SSC
resistance test. For the steel plate of test number 43, the Ni
content is lower than the lower limit of Ni content of the
present invention, and Formula (1) was not satisfied. There-
fore, cracking occurred in the high-temperature corrosion
resistance test and the SSC resistance test. For the steel plate
of test number 44, the Cu content is lower than the lower limit
of Cu content of the present invention. Therefore, cracking
occurred in the high-temperature corrosion resistance test.
The reason for this is probably that a passivation film was less
liable to be formed on the surface of crack after the occur-
rence of crack.

The above is the description of the embodiment of the
present invention, and the above-described embodiment is
merely an example for carrying out the present invention.
Therefore, the present invention is not limited to the above-
described embodiment, and the above-described embodi-
ment can be changed as appropriate without departing from
the spirit and scope of the present invention.

Industrial Applicability

The stainless steel for oil well in accordance with the
present invention can be used for oil wells and gas wells. In
particular, it can be used for deep oil wells having a high-
temperature environment. For example, it can be used for
deep oil wells having a high-temperature environment of
150° C. to 250° C.
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The invention claimed is:

1. A stainless steel for oil well, comprising:

a chemical composition comprising, by mass percent, C:
not more than 0.05%, Si: not more than 0.5%, Mn: 0.01
to 0.13%, P: not more than 0.04%, S: not more than
0.01%, Cr: more than 16.0 and not more than 18.0%, Ni:
more than 4.0and not more than 5.6%, Mo: 1.6 to 4.0%,
Cu: 1.5 to 3.0%, Al: 0.001 to 0.10%, and N: not more
than 0.050%, the balance being Fe and impurities, and
satisfying Formulas (1) and (2):

Cr+Cu+Ni+Mo=25.5 (€8]

—-8=30(C+N)+0.5Mn+Ni+Cu/2+8.2-1.1(Cr+Mo)=-4 2)

where the content (percent by mass) of element is substituted
for the symbol of element in Formulas (1) and (2);

a micro-structure containing a martensitic phase, a ferritic
phase having a volume ratio of 10 to 40%, and a retained
austenite phase having a volume ratio of Oto 10%, and
being such that when a plurality of imaginary line seg-
ments, which each have a length of 50 um in the thick-
ness direction from the surface of the stainless steel and
are arranged in a row at intervals of 10 um over the range
01 200 um, are placed on a cross section of the stainless
steel, the ratio of the number of imaginary line segments
crossing the ferritic phase to the total number of imagi-
nary line segments is higher than 85%; and

a 0.2% offset yield stress not lower than 758 MPa.
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2. The stainless steel for oil well according to claim 1,
wherein the chemical composition further contains, in place
of some of Fe, at least one kind selected from the group
consisting of V: not more than 0.25%, Nb: not more than
0.25%, Ti: not more than 0.25%, and Zr: not more than
0.25%.

3. The stainless steel for oil well according to claim 1,
wherein the chemical composition further contains, in place
of some of Fe, at least one kind selected from the group
consisting of Ca: not more than 0.005%, Mg: not more than
0.005%, La: not more than 0.005%, and Ce: not more than
0.005%.

4. A stainless steel pipe comprising the stainless steel
described in claim 1.

5. The stainless steel for oil well according to claim 2,
wherein the chemical composition further contains, in place
of some of Fe, at least one kind selected from the group
consisting of Ca: not more than 0.005%, Mg: not more than
0.005%, La: not more than 0.005%, and Ce: not more than
0.005%.

6. A stainless steel pipe comprising the stainless steel
described in claim 2.

7. A stainless steel pipe comprising the stainless steel
described in claim 3.

8. A stainless steel pipe comprising the stainless steel
described in claim 5.



